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[1] The magnetocrystalline anisotropy of monoclinic chloritoid, a relatively common
mineral in aluminum-rich, metapelitic rocks, has been determined for the first time by
measuring the high-field anisotropy of magnetic susceptibility (HF-AMS), using two
independent approaches, i.e., (a) directional magnetic hysteresis measurements and (b) torque
magnetometry, on a collection of single crystals collected from different tectonometamorphic
settings worldwide. Magnetic remanence experiments show that all specimens contain
ferromagnetic (s.l.) impurities, being mainly magnetite. The determined HF-AMS ellipsoids
have a highly oblate shape with the minimum susceptibility direction subparallel to the
crystallographic c-axis of chloritoid. In the basal plane of chloritoid, though the HF-AMS can
be considered isotropic. The degree of anisotropy is found to be 1.47, which is significantly
higher than the anisotropy of most paramagnetic silicates and even well above the frequently
used upper limit (i.e., 1.35) for the paramagnetic contribution to the AMS of siliciclastic rocks.
The obtained values for the paramagnetic Curie temperature parallel (θ∥) and perpendicular
(θ⊥) to the basal plane indicate that this pronounced magnetocrystalline anisotropy is related
to strong antiferromagnetic exchange interactions in the direction of the crystallographic
c-axis (θ⊥< 0) and rather weak ferromagnetic exchange interactions within the basal plane
(θ∥ > 0). As a consequence, chloritoid-bearing metapelites with a pronounced mineral
alignment can have a high degree of anisotropy without the need of invoking a significant
contribution of strongly anisotropic, ferromagnetic (s.l.) minerals. The newly discovered
magnetocrystalline anisotropy of chloritoid thus calls for a revised approach of magnetic
fabric interpretations in chloritoid-bearing rocks.
Citation: Haerinck, T., T. N. Debacker, andM. Sintubin (2013), Magnetic anisotropy of chloritoid, J. Geophys. Res. Solid
Earth, 118, 3886–3898, doi:10.1002/jgrb.50276.
1. Introduction
[2] The anisotropy of magnetic susceptibility (AMS) of a
rock or sediment can serve as a useful tool when investigat-
ing the petrofabric. Whereas pioneering magnetic fabric stud-
ies focused on ferromagnetic fabrics [Graham, 1954; Balsley
and Buddington, 1960; Rees, 1961; Fuller, 1964], it became
soon clear that “matrix minerals”, having a paramagnetic or
diamagnetic behavior, often significantly contribute to the
observed magnetic fabrics [Coward and Whalley, 1979;
Rochette and Vialon, 1984; Borradaile et al., 1986]. The last
decades have seen an increased interest in magnetic (sub)fab-
rics carried by paramagnetic minerals [e.g., Lüneburg et al.,
1999; Hirt et al., 2000; Chadima et al., 2004; Debacker
et al., 2004; Cifelli et al., 2005; Debacker et al., 2009]. The
intrinsic anisotropy of paramagnetic matrix minerals is dom-
inantly a magnetocrystalline anisotropy in contrast to the in-
trinsic anisotropy of ferromagnetic (s.l.) minerals which may
result from a combination of magnetostatic (shape), distribu-
tion (interaction), and magnetocrystalline anisotropy
[Borradaile and Jackson, 2004]. This makes the paramag-
netic (sub)fabric dependent on only two factors: first, the
orientation distribution of the paramagnetic minerals and
second, their intrinsic magnetocrystalline anisotropy. This
magnetocrystalline anisotropy is related to atomic scale
exchange interactions between the transition element ions,
mainly Fe2+, Fe3+, and Mn2+, which are anistropically distrib-
uted in the crystal lattice. Hence, the anisotropic exchange in-
teractions define easy directions in the crystal lattice. This
crystallographic control opens possibilities for the use of the
paramagnetic AMS as a quantitative indicator of the degree
of fabric development provided the intrinsic magnetic anisot-
ropy of all individual minerals present is known.
[3] The intrinsic AMS of a single (paramagnetic) mineral
can be determined by measurements on large, natural or
synthetic, single crystals or on assemblages of strongly
oriented grains. As natural single minerals often contain fer-
romagnetic impurities [e.g., Borradaile, 1994; Lagroix and
Borradaile, 2000; Feinberg et al., 2005], such analyses
should use an approach that allows isolating the paramag-
netic, magnetocrystalline anisotropy [Martín-Hernández
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and Ferré, 2007]. Analyses of the mineral AMS have been
carried out for common rock-forming, paramagnetic min-
erals like the Fe-bearing phyllosilicates biotite, muscovite,
chlorite, and phlogopite [Beausoleil et al., 1983; Borradaile
et al., 1987; Zapletal, 1990; Borradaile and Werner, 1994;
Martín-Hernández and Hirt, 2003], the mafic silicates pyrox-
ene, orthopyroxene, amphibole, and their alteration products
serpentine and epidote [Hrouda, 1982; Wiedenmann et al.,
1986; Lagroix and Borradaile, 2000], olivines [Belley
et al., 2009], tourmaline [Rochette et al., 1992; Lagroix and
Borradaile, 2000], and Fe-bearing carbonates [Rochette,
1988]. For all these Fe-bearing silicates, it was found that
using the definition of Jelinek [1981], the degree of anisot-
ropy (PJ) does not exceed 1.35. After Rochette [1987] and
Rochette et al. [1992], the PJ value of 1.35 has therefore been
used as the upper limit for the paramagnetic contribution to
the AMS in siliciclastic rocks. Higher PJ values are to date
systematically attributed to a ferromagnetic (s.l.) contribution
[e.g., Gil-Imaz and Barbero, 2004; Aïfa and Idres, 2010;
Amrouch et al., 2010; Hrouda, 2010].
[4] However, in a recent magnetic fabric study of
Armorican metasediments, Haerinck et al. [2013] encoun-
tered a dominantly paramagnetic anisotropy with PJ values
up to 1.45 for epizonal, chloritoid, and white mica-bearing
siltstones. Anchizonal, chlorite, and white mica-bearing
siltstones of the same stratigraphic horizon, though, show
only PJ values up to 1.27. These observations suggest that
the intrinsic AMS of chloritoid may be significantly higher
than that of phyllosilicates and other Fe-bearing silicates.
Moreover, the upper limit of 1.35 for a paramagnetic contri-
bution to the AMS seems not applicable for these chloritoid-
bearing siltstones.
[5] In order to test this hypothesis, this study presents an
analysis of the magnetocrystalline anisotropy on a collection
of chloritoid single crystals by means of two independent
high-field approaches. The ferromagnetic (s.l.) impurities in
the chloritoid crystals are characterized in order to assess
whether these phases saturate in the applied fields and the used
approaches are valid. By determining the paramagnetic,
magnetocrystalline anisotropy of chloritoid, the study verifies
whether chloritoid-bearing rocks can have a paramagnetic
anisotropy that exceeds the 1.35 limit of Rochette [1987] as
inferred by Haerinck et al. [2013]. Furthermore, the values
of the intrinsic AMS of chloritoid, presented in this work,
can be used for modeling the magnetic fabric of chloritoid-
bearing rocks. These models can help to get a more complete
understanding of the origin of the magnetic anisotropy in these
rocks and will facilitate quantitative interpretation [e.g.,
Hrouda and Schulmann, 1990; Siegesmund et al., 1995; de
Wall et al., 2000; Martín-Hernández et al., 2005].
2. The Mineral Chloritoid
[6] Chloritoid is a relatively common mineral in aluminum-
rich, metapelitic rocks both from lower greenschist to amphib-
olites facies conditions and from HP blueschist to eclogite
facies conditions. It is a hydrous Fe-Al nesosilicate mineral
with an ideal formula of Fe2+2Al402(Si04)2(OH)4. Chloritoid
is monoclinic and has a layered structure consisting of two dif-
ferent octahedral layers and sheets of isolated SiO4 tetrahedra
(Figure 1) [Klein et al., 2002]. Octahedral layer I (brucite type)
consists of two planes of O2 and (OH)2 with Fe
2+ in two
thirds of the octahedral sites and Al3+ in the remaining octahe-
dral sites. Mg2+ and Mn2+ may replace up to about 68% and
50% of the Fe2+, respectively, although most of the chloritoid
is relatively Fe rich. Octahedral layer II (corundum type) con-
sists of two planes of O2 with three fourths of the octahedral
sites occupied by Al3+ or Fe3+. This makes the structure of
chloritoid very similar to that of the phyllosilicates, except
for the SiO4
4 tetrahedra which are not bond together as in
the case of the phyllosilicates. Crystals are usually platy, paral-
lel to (001) with a roughly hexagonal basal section.
[7] The paramagnetic susceptibility of chloritoid is due to
magnetic moments associated with spin motion of unpaired
electron in the 3d orbitals of the Fe2+/3+ andMn2+ cations that
become partially aligned in the presence of an external
magnetic field. This “pure paramagnetic” behavior is modi-
fied by weak exchange coupling and electrostatic interactions
between the magnetic cations. As the magnetic cations are
anisotropically distributed, i.e., they are dominantly posi-
tioned in the brucite-type octahedral layers, the strength and
nature of the magnetic interactions, which are expressed by
the Weiss temperature (θ), should be expected to vary (sys-
tematically) with orientation in the lattice. Hence, these weak
exchange interactions will give rise to the magnetocrystalline
anisotropy of chloritoid [Borradaile and Jackson, 2004].
a b
Figure 1. (a) Chloritoid crystal showing a possible arrangement of the crystallographic controlled principal
susceptibility axes. (b) Projection of the monoclinic chloritoid structure on (010). Octahedral layer I has a com-
position of [Fe2+ 2AlO2(OH)4]
 with some Mg2+ and Mn2+ substituting for Fe2+, octahedral layer II has the
composition of [Al3O8]
7 and isolated SiO4 tetrahedra link these layers (redrawn after Klein et al. [2002]).
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3. The Chloritoid Crystals
[8] A collection of seven chloritoid single crystals (Ctd01–
Ctd07) has been analyzed. The crystals have been cut into 18
cubic specimens with variable dimensions, ranging from
2mm to 7.15mm. The specimens are oriented with the x
and y directions chosen arbitrarily and perpendicular to each
other within the basal plane and the z direction perpendicular
to the basal plane. After the analyses, a smaller “daughter”
specimen—denoted with an asterisk—is cut from five rela-
tively large specimens, i.e., Ctd01A*, Ctd01B*, Ctd05A*,
Ctd05B*, and Ctd07A*. These daughter specimens will be
analyzed in order to assess the accuracy of the approach.
The crystals originate from five different localities:
[9] 1. Ctd01 and Ctd02 are from Ness of Hillswick in the
northwest Shetland Mainland, UK. The crystals are a constit-
uent of metapelites from the Early Neoproterozoic Sand Voe
group, which can be correlated to the Moine metasediments
in Scotland, UK. Chloritoid was formed due to Caledonian
Barrovian-type metamorphism in upper greenschist facies
conditions [Fettes, 1979];
[10] 2. Ctd03 is taken from Carboniferous metapelites of the
Narragansett basin in Natick, Rhode Island, USA. Similar to
Ctd01 and Ctd02, it was formed due to Barrovian-type meta-
morphism in upper greenschist facies conditions, associated
with the Alleghanian orogeny [Murray et al., 2004];
[11] 3. Ctd04 is from Permian metapelites of the Sierra de
los Filabres, Andalucia, Spain. Neoformation of the chloritoid
crystals was due to greenschist facies Alpine metamorphism
[Vissers, 1977];
[12] 4. Ctd05 and Ctd06 originate from the village of St.
Marcel in the Aosta valley, Italy, and occur in hydrother-
mally altered metabasalts of the Zermatt-Saas ophiolite.
The ophiolite has been subjected to subduction-related HP-
metamorphism in eclogite facies conditions (21 ± 3 kbar,
550°C) during the Alpine orogeny [Angiboust et al., 2009];
[13] 5. Ctd07 is from Île de Groix, France. It occurs in
micaschists and metabasites with an Ordovician protolith
age that have been subjected to Variscan, blueschist facies
HP-metamorphism (18 ± 2 kbar, 500°C) [Bosse et al., 2002].
4. Methodology
4.1. Characterization of the Ferromagnetic (s.l.) Inclusions
[14] As the high-field approaches require the ferromagnetic
(s.l.) phases in the chloritoid specimens to saturate below the
maximum applied field, it is necessary to characterize these
phases and determine whether they comply with this require-
ment. The remanent magnetization (Mr), the saturation mag-
netization (Ms), and the coercivity (Bc) of the ferromagnetic
(s.l.) phases present can be derived from the ferromagnetic
component of a magnetic hysteresis loop, at least if this
ferromagnetic loop is significant, meaning that it has a qual-
ity factor Qf of at least 1. This Qf is defined as the logarithm
of the signal/noise ratio. Magnetic hysteresis loops are
measured with a vibrating sample magnetometer (VSM),
applying a maximum field of 1 T in 10 mT increments. The
ferromagnetic loops are obtained by subtracting the linear
(paramagnetic) contribution from the measured loop. A more
thorough characterization of the ferromagnetic (s.l.) phases
present in the chloritoid specimens is obtained frommagnetic
remanence experiments, as remanence measurements are not
influenced by the dominant paramagnetic behavior of the
chloritoid host. Two different types of magnetic remanence
experiments have been made: first, alternating field (AF)
demagnetization of isothermal remanent magnetization
(IRM) and of anhysteretic remanent magnetization (ARM)
and second, low-temperature cycling of a saturation isother-
mal remanent magnetization (SIRM).
[15] In the AF demagnetization experiment, an IRM of 1 T
and an ARM of 200 mT are acquired and subsequently step-
wise demagnetized in 15 steps from 5 to 200 mT using a
Schonstedt AF demagnetizer. The remanent magnetization
after each step is measured with a 2G superconducting rock
magnetometer. The shape of the demagnetization curve and
the intensity of the IRM or ARM are dependent on the
amount and type of ferromagnetic (s.l.) phases. The field
required to reduce the initial remanence by one half is called
the median destructive field (MDF). Both IRM and ARM
demagnetization are performed as these different methods
can activate dissimilar remanence coercivity fractions, and
a comparison of both demagnetization curves has some diag-
nostic potential [Lowrie and Fuller, 1971].
[16] The SIRM experiment comprises cycling a 2.5 T room
temperature (300K) SIRM (RT-SIRM) down to 10K and
back to room temperature in zero field, while the remanence
is monitored with a Quantum Design Magnetic Properties
Measuring System (MPMS). The RT-SIRM behavior during
the low-temperature cycle can be attributed to a temperature-
dependent behavior of the common, natural ferromagnetic (s.l.)
phases, i.e., magnetite [Halgedahl and Jarrard, 1995;
Özdemir and Dunlop, 1999; Dunlop, 2003], maghemite
[Özdemir and Dunlop, 2010], greigite [Dekkers et al., 2000],
goethite [Dekkers and Rochette, 1992; Maher et al., 2004;
Liu et al., 2006], hematite [Özdemir and Dunlop, 2006], and
pyrrhotite [Besnus, 1966; Fillion and Rochette, 1988;
Wolfers et al., 2011]. If the presence of goethite is suspected
from the RT-SIRM low-temperature cycling experiment, this
is additionally verified by comparing the thermal demagne-
tization to room temperature of a 2.5 T SIRM acquired at
10K after zero field cooling (ZFC) with a 2.5 T SIRM
acquired during cooling, i.e., field cooling (FC). Goethite
typically shows a much stronger FC Mr than a ZFC Mr at
low temperatures.
4.2. Magnetic Anisotropy Analyses
[17] Two independent high-field approaches have been
used for determining the paramagnetic, magnetocrystalline
anisotropy of the chloritoid single crystals. The first approach
uses a VSM, applying a maximum field of 1 T and 10 mT in-
crements, to generate a magnetic hysteresis loop successively
in 24 directions, i.e., 45° rotation increments around the three
orthogonal axes of the specimen. The high-field magnetic
susceptibility (κhf) is defined in each direction as the slope
of a linear fit of the high-field part of the loop (i.e., >600,
700, or 800 mT depending on the correlation coefficient).
The HF-AMSVSM tensor is calculated using the same soft-
ware that processes standard low-field AMS data. A detailed
outline of the approach is given in Kelso et al. [2002], with
some improvements in Ferré et al. [2004]. The accuracy of
the VSM approach is assessed by comparing the obtained re-
sult for five specimens (Ctd01A-B, Ctd05A-B, and Ctd07A)
with that of a small daughter specimen, denoted with an
asterisk, which is cut out of the original specimen.
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Inconsistencies in the HF-AMSVSM of a “mother-daughter
couple” can be seen as an indication of the inaccuracy of
the approach due to shape effects and/or misorienting of the
sometimes very small specimens.
[18] The second high-field approach uses a torsion magne-
tometer [Bergmuller et al., 1994], which directly measures
the torque exerted by the specimen hanging in an applied
field with its easy axis not exactly parallel, antiparallel, or
perpendicular to the applied field. Torsion measurements
are performed at 36 positions, i.e., 30° rotation increments
around the three orthogonal axes of the specimen, and in
six magnetic fields ranging from 700 to 1500 mT. These data
are processed in order to isolate the paramagnetic contribu-
tion to the specimen’s magnetic susceptibility and determine
its deviatoric susceptibility tensor using a mathematical tech-
nique developed by Martín-Hernández and Hirt [2001].
Next, we use the mean susceptibility of the HF-AMSVSM ap-
proach, i.e., the bulk susceptibility Km
hf, and add this to the
deviatoric tensor in order to calculate the full paramagnetic
tensor (HF-AMStorque).
[19] BothHF-AMS tensors can be represented by an ellipsoid
with principal axes K1
VSM/torque>K2
VSM/torque>K3
VSM/torque.
The magnetic anisotropy ellipsoid is described by two para-
meters. First, the corrected degree of anisotropy PJ
VSM/torque
reflects the eccentricity of the ellipsoid. Second, the shape
parameter TVSM/torque is used to discriminate between prolate
(T< 0) and oblate (T> 0) ellipsoids [Jelinek, 1981]. The
orientation of the magnetic anisotropy ellipsoid with respect to
the basal plane is expressed by the inclination angle of the min-
imum susceptibility axis with the basal plane I-K3
VSM/torque.
As the hysteresis data also allow a computation of Mr in the
different measurement positions (at least if the ferromagnetic
component is significant), also the anisotropy of isothermal
remanent magnetization (AIRM) tensor can be calculated.
The AIRM can be described by the same parameters as
the HF-AMS tensors.
[20] Finally, the exchange interactions which cause the
magnetocrystalline anisotropy are characterized by defining
the Weiss temperature (θ)—also called the paramagnetic
Curie temperature—and the Curie constant (C) for the
chloritoid crystals. This is done both in an orientation parallel
(C/θ∥) and perpendicular (C/θ⊥) to the basal plane. In order
todo this, κhf is analyzed in function of temperature by
performing hysteresis measurements at 18 temperatures
between 300 and 10K. The hysteresis measurements are
carried out with a Quantum Design MPMS and applying a
a b c
fed
Figure 2. (a–c) Alternating-field demagnetization of a 1 T isothermal remanent magnetization (IRM)
(blue curve) and a 200 mT anhysteretic remanent magnetization (ARM) (red curve). The median destruc-
tive field of the IRM and ARM (MDFIRM/ARM) is the field required to demagnetize half of the original IRM
and ARM, respectively. (d–f) The red curves are the measured magnetic hysteresis in the y direction of the
specimen, i.e., within the basal plane. The blue curves show the ferromagnetic loops, obtained after para-
magnetic correction.
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maximum field of 2.5 T. A plot of the reciprocal κhf to tem-
perature allows the derivation of C, i.e., the reciprocal of
the slope of the linear part of the curve, and θ, i.e., the temper-
ature-axis intercept of an extrapolation of the linear part of
the curve. θ tells us below which temperature magnetic order-
ing takes place (i.e., the exchange interaction is not overcome
by thermal motion) and is a measure of the nature and
strength of the interactions between the magnetic ions.
Values of θ> 0K indicate ferromagnetic interactions and
θ< 0K indicate weak, antiferromagnetic interactions
[Borradaile and Jackson, 2004].
5. Characterization of the
Ferromagnetic Inclusions
[21] All specimens do show a measurable magnetic rema-
nence, and thus contain ferromagnetic (s.l.) inclusions. Text
S1 in the supporting information gives an overview of the re-
sults of the magnetic remanence experiments and a hysteresis
loop for all 18 specimens. For most specimens, the remanence
is relatively weak with a 1T IRM generally below 220 × 106
Am2/kg. Three specimens (Ctd05C, Ctd06A, and Ctd07B)
have a slightly higher 1 T IRM with values between 422 and
672 × 106 Am2/kg. Ctd05A and Ctd05B and especially
Ctd07A show a clearly more pronounced magnetic remanence
with a 1T IRM of 4351 and 3256 × 106 Am2/kg for the
Ctd05 specimens and 26,224 × 106 Am2/kg for Ctd07A.
The IRM demagnetization curves of Ctd05A and Ctd05B
show an initially steep drop with half the original magnetiza-
tion already lost after 13 and 16 mT demagnetization, respec-
tively, i.e., the median destructive field (MDF) (Figures 2a and
2b). Demagnetization of the ARM shows a very similar
pattern and MDF. The IRM demagnetization of Ctd07A
shows a more moderate drop with a MDF of 54 mT
(Figure 2c). Its ARM falls immediately within a noise level
(not shown in the figure). The hysteresis loop of specimens
Ctd05A and Ctd05B contains a strong paramagnetic compo-
nent, but with a clear deviation from the linear trend around
the zero field (Figures 2d and 2e). The ferromagnetic loop is
characterized by a small difference between the upper and
lower hysteresis branch. The coercivity of the ferromagnetic
(s.l.) phase is relatively low, i.e., 7 and 12 mT, respectively,
just as the ratio of Mr to Ms, i.e., 0.07 and 0.10, respectively.
These observations indicate a soft ferromagnetic (s.l.) phase.
Also, specimen Ctd07A shows a composite hysteresis loop
arising from both a paramagnetic and a ferromagnetic (s.l.)
component (Figure 2f). For this specimen, the difference
between the upper and lower hysteresis branch is somewhat
larger as evidenced by its coercivity and Mr to Ms ratio, i.e.,
40 mT and 0.26, respectively, indicating a relatively harder
ferromagnetic (s.l.) phase compared to the Ctd05 specimens.
For all other specimens, the demagnetization curves fall
a b
dc
Figure 3. Results of the low-temperature cycling of saturation isothermal remanent magnetization
(SIRM) acquired at room temperature in a field of 2.5 T. The remanence upon cooling is shown in black
and that upon reheating in green.
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relatively fast in the noise level, often already at 0.20Mr/Mrmax
for the IRM demagnetization and immediately at Mrmax for
theARM demagnetization for which only an inducing field
of 200 mT could be used. Also, the ferromagnetic hysteresis
loops (obtained after paramagnetic correction) have a low
signal/noise ratio (figures in Text S1). This leaves the
low-temperature cycling of the SIRM, measured on the more
sensitive MPMS, as the best tool to characterize the ferromag-
netic mineralogy for these specimens.
[22] The specimens of crystals Ctd01, Ctd02, Ctd03,
Ctd04, Ctd05, and Ctd06 all show a very similar behavior
of the RT-SIRM during low temperature cycling, although
the magnitude of the remanence can vary. During cooling,
a significant loss in remanence takes place roughly between
200 and 100K. At very low temperatures, from 100 to
10K, the remanence may drift a bit, either with a positive
or a negative trend, due to additional (paramagnetic) magne-
tization induced by an imperfect zero field in the MPMS.
Upon reheating, the remanence is more or less reversible un-
til approximately 100 to 130K; from then onward, a clear
loss in remanence with respect to the situation during cooling
is apparent (Figures 3a–3c). The amount of recovery of the
remanence lost upon cooling ranges between 30% and
50%. For specimen Ctd01C, the thermal demagnetization to
room temperature of a low-temperature FC and ZFC rema-
nence is compared (Figure 4a). The FC remanence is slightly
stronger at low temperature: The FC/ZFC ratio at 10K is
1.26. Upon heating, the difference gradually decreases and
disappears around 120K. The remanence behavior at low
temperature of these specimens is indicative for the presence
of magnetite, which goes through the Verwey phase transi-
tion at approximately TV ~ 120K. The RT-SIRM cooling
curve of specimen Ctd04B shows also a pronounced drop at
35–30K, which breaks the positive trend that likely arises
from magnetization induced by an imperfect zero field
(Figure 3c). This drop indicates the presence of pyrrhotite that
goes through the Besnus phase transition at 32K [Fillion and
Rochette, 1988]. Ctd04B is the only specimen that shows
this phenomenon.
[23] The specimens of crystal Ctd07 show a completely
different behavior of the RT-SIRM during low-temperature
cycling. The remanence is inversely related to temperature:
Upon cooling from 300 to 10K, the remanence increases by
a factor of 4 to 6. The remanence decreases perfectly reversible
upon reheating back to room temperature for specimen
Ctd07B (Figure 3d) and up to approximately 130K for speci-
mens Ctd07A and Ctd07C, which show from then onward a
slightly lower remanence compared to the situation before
cooling. Comparison of the thermal demagnetization to room
temperature of low-temperature FC and ZFC remanence for
specimen Ctd07B shows a FC/ZFC remanence ratio at 10K
of 2 that gradually decreases upon heating but is persistent
up to 300K (Figure 4b). This behavior is indicative of goe-
thite, which is far from being saturated by the 2.5T field.
The small remanence difference between the cooling and
heating curve for specimens Ctd07A and Ctd07C above TV in-
dicates that also some magnetite is present in these specimens.
6. Results of the Magnetic Anisotropy Analyses
[24] The high-field bulk susceptibility (Km
hf/χhf) is listed in
Table 1 for all 18 specimens together with the magnitude of
the principal axes and the PJ, T, and I-K3 parameter of both
the HF-AMSVSM (derived from directional hysteresis mea-
surements) and the HF-AMStorque (derived by means of
torque magnetometry). The HF-AMSVSM ellipsoid shows
for all specimens a very oblate shape with most specimens
having a TVSM value above 0.90. PJ
VSM ranges between
1.34 and 1.54. There are notable differences in PJ
VSM from
crystal to crystal. The specimens of crystal Ctd02 and
Ctd03 have a noticeable lower PJ
VSM value than the speci-
mens from the other crystals. Those of crystals Ctd04, and
to a lesser extent Ctd01, have a somewhat higher PJ
VSM than
the average value. As for the orientation of the high-field
principal susceptibility axes, I-K3
VSM shows an average
value of 85 ± 02. This means that K1
VSM and K2
VSM are
roughly contained within the basal plane and K3
VSM is ap-
proximately normal to the basal plane. A comparison of these
results with the daughter specimen for five specimens is
shown in Table 2. Km
hf shows very similar values for all five
specimens, suggesting a rather homogeneous Fe2+/3+ and
Mn2+ distribution in the crystals. K1
VSM, K2
VSM, and
K3
VSM, and consequently also PJ
VSM and TVSM, again show
very small differences between the mother and daughter
ba
Figure 4. Comparison of thermal demagnetization to room temperature of a 2.5 T SIRM acquired at 10K,
i.e., zero field cooling (ZFC), shown as the red curve, to the demagnetization of a 2.5 T SIRM acquired
during cooling from room temperature to 10K, i.e., field cooling (FC), shown as the blue curve.
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specimens. The largest mother-daughter difference in PJ
VSM oc-
curs in Ctd01A, i.e., 0.025 or 1.65%. When looking at TVSM,
the largest difference occurs in Ctd05B, i.e., 0.069 or 7.78%.
Also, I-K3
VSM shows limited differences between mother and
daughter specimens, with 6° as largest difference (Ctd07A).
[25] The highly oblate high-field anisotropy, TVSM
= 0.94 ± 0.05, and the direction of K1
VSM and K2
VSM within
the basal plane suggest a quasi-isotropic susceptibility within
the basal plane. In order to check this in more detail, κhf has
been determined as a function of orientation within the basal
plane, with measurements every 10° for all specimens. The
maximum deviation of κhf from the mean value for the basal
plane (i.e., the radius of a best fit circle) ranges between
0.74% (specimen Ctd06C) and 2.81% (specimen Ctd02A)
(Table 3). It is not possible to distinguish whether this devia-
tion is due to a magnetic anisotropy within the basal plane or
to a misorientation during cutting the specimen and/or plac-
ing it in the VSM. However, any anisotropy in the basal plane
must be very small, i.e., not more than a few percent. The κhf
measurements in the function of orientation within the basal
plane, together with a plot showing the residual value be-
tween the best fit circle and the measured κhf in the function
of orientation within the basal plane, are shown in Text S2.
[26] Figure 5 shows the results of the high-field torque
analysis for representative specimen Ctd01A*. The relatively
high amplitude of the torque function for rotation positions 1
and 2 indicates a strong tendency of the specimen to rotate it-
self with the easy axis parallel to the applied field at these
measurement positions, i.e., those with an angle of 45°
between the inducing field and the specimen’s basal plane.
A detailed overview of the torsion measurements and the
obtained deviatoric tensors of the paramagnetic contribution
for all specimens investigated is given in Text S3. For each
specimen, the deviatoric susceptibility tensor is added to
Km
hf, determined with the VSM, in order to obtain the full
HF-AMStorque tensor. The HF-AMStorque ellipsoids have a
high degree of anisotropy (PJ
torque values between 1.34
and1.54), are very oblate (most specimens have a Ttorque
value above 0.90), and are roughly parallel to the basal plane
(I-K3
torque shows an average value of 85° ± 4°) (Table 1). The
absolute differences between both HF-AMS approaches
(ΔPJ, ΔT, and ΔI-K3) are generally very low, displaying
maximum values of 0.05 for PJ, 0.06 for T, and 6° for I-K3
(Table 1).
[27] Four specimens show significant ferromagnetic loops,
allowing the AIRM to be calculated (Table 4). The PJ
IRM
values found for the Ctd05 specimens range from 1.49 to
1.63, which is somewhat higher than the PJ
hf values, and
the shape of the remanent magnetization ellipsoid is again
rather oblate with Thf ranging from 0.47 to 0.89. K3
IRM
makes a high angle with the basal plane, i.e., I-K3
IRM is be-
tween 75° and 88°. The AIRM of specimen Ctd07A has a
significantly lower PJ
IRM and has a distinctly prolate rema-
nent magnetization ellipsoid with K3
IRM oriented at a low an-
gle to the basal plane. For specimens Ctd01C and Ctd06D,
κhf within the basal plane is determined as a function of tem-
perature from 300 to 10K (Figures 6a and 6b). On a plot of
the reciprocal κhf to temperature, a linear behavior is ob-
served from 300 to approximately 60K, whereas lower tem-
peratures show an increasing upward deviation from the
linear trend. This deviation is related to assumptions, used
for deriving the Curie-Weiss law, that are no longer valid
close to the paramagnetic Curie temperature θ due to strong
fluctuations of the magnetic moments. The data obtained
for 1/κhf above 60K have been processed by the least squares
method, giving a value of 0.49 and 0.54, respectively, for C∥
and 6.0K and 4.4K, respectively, for θ∥. The positive values
for θ∥ indicate the presence of ferromagnetic exchange inter-
actions within the basal plane. Magnetic ordering will only
take place below this temperature. For specimen Ctd01C,
also κhf perpendicular to the basal plane is determined as
function of temperature (Figure 6c). The plot of the reciprocal
Table 2. HF-AMS Properties of the Daughter Specimens and Absolute Differences With Their Respective Mother Specimensa
Name
HF-AMSVSM Absolute Difference Mother-Daughter Specimen
Km
hf [SI] K1
VSM K2
VSM K3
VSM PJ
VSM TVSM I-K3
VSM ΔKm
hf [SI] K1
VSM K2
VSM K3
VSM PJ
VSM TVSM I-K3
VSM
Ctd01A* 1429 × 106 1.112 1.104 0.784 1.49 0.96 86° 31 × 106 0.005 0.003 0.008 0.02 0.01 1°
Ctd01B* 1463 × 106 1.113 1.104 0.783 1.49 0.95 82° 45 × 106 0.002 0.003 0.000 0.00 0.02 3°
Ctd05A* 1508 × 106 1.108 1.101 0.791 1.47 0.96 86° 17 × 106 0.005 0.002 0.004 0.01 0.04 2°
Ctd05B* 1524 × 106 1.102 1.083 0.815 1.46 0.89 82° 7 × 106 0.003 0.013 0.016 0.01 0.07 3°
Ctd07A* 1777 × 106 1.110 1.099 0.791 1.46 0.94 80° 29 × 106 0.003 0.007 0.004 0.00 0.05 6°
mean 26 × 106 0.004 0.006 0.006 0.01 0.04 3°
± 14 × 106 ± 0.005 ± 0.006 ± 0.010 ± 0.01 ± 0.02 ± 2°
aThe table shows the HF-AMS results of the five daughter specimens together with the absolute difference in HF-AMS parameters between the daughter
specimens and the original specimen from which it has been cut.
Table 3. High-Field Magnetic Susceptibility in the Chloritoid
Basal Planea
Name Mean BP-κhf [SI] Max. Deviation
Ctd01A 1507 × 106 1.19%
Ctd01B 1592 × 106 2.07%
Ctd01C 1780 × 106 1.41%
Ctd02A 1757 × 106 2.81%
Ctd03A 2845 × 106 1.35%
Ctd04A 2080 × 106 1.30%
Ctd04B 1842 × 106 1.53%
Ctd04C 2387 × 106 1.37%
Ctd05A 1721 × 106 2.14%
Ctd05B 1673 × 106 2.51%
Ctd05C 1779 × 106 1.60%
Ctd06A 1683 × 106 2.15%
Ctd06B 1757 × 106 2.42%
Ctd06C 1747 × 106 0.74%
Ctd06D 1914 × 106 1.39%
Ctd07A 1987 × 106 1.95%
Ctd07B 2240 × 106 2.03%
Ctd07C 2128 × 106 1.09%
aThe table shows the mean high-field magnetic susceptibility obtained by
measuring the high-field susceptibility with 10° increments in the basal plane
of the chloritoid specimens, and the maximum deviation of the mean value
displayed by a single measurement.
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κhf to the temperature permits a value of 0.40 to be deter-
mined for C⊥ and 35.6K for θ⊥. The negative value of θ⊥
indicates an antiferromagnetic coupling between the planes.
7. Discussion
[28] Magnetic remanence experiments reveal that ferro-
magnetic (s.l.) impurities, made up of magnetite, are present
in the specimens of crystals Ctd01, Ctd02, Ctd03, Ctd04,
Ctd05, and Ctd06. Specimen Ctd04B seems to contain also
some pyrrhotite. The lowMr/Ms ratio and coercivity obtained
from the ferromagnetic hysteresis loops of the Ctd05 speci-
mens are indicative of multidomain magnetite. Magnetite is
a relatively soft ferrimagnetic mineral, certainly when it con-
sists of multidomain particles, and also a major part of pyr-
rhotite gets magnetized in a field of 600 mT [Peters and
Dekkers, 2003]. Hence, the high-field approach allows the
separation of the paramagnetic, magnetocrystalline anisot-
ropy of chloritoid from the contribution of the ferromagnetic
(s.l.) impurities. For the three specimens of crystal Ctd07, the
magnetic remanence experiments show the presence of goe-
thite. Because goethite is a hard, antiferromagnetic mineral
that does not reach saturation in a field of 1 T [Peters and
Dekkers, 2003], the goethite impurities will contribute to
κhf and the HF-AMS does not uniquely reflect the
magnetocrystalline anisotropy of chloritoid. However,
the goethite-bearing Ctd07 specimens do show similar
PJ
VSM/torque and TVSM/torque values as the other specimens.
This may suggest that a major part of the goethite impurities
does saturate and will not contribute to κhf. Nevertheless, we
have chosen not to use the Ctd07 specimens for determining
the magnetocrystalline anisotropy of chloritoid.
[29] The HF-AMS has been determined using two inde-
pendent high-field approaches that deliver mutually very
consistent results. By reevaluating the obtained HF-
AMSVSM of five daughter specimens cut out of the original
specimens and comparing them to the values of the original
specimen, we have assessed possible inaccuracies of our ap-
proach due to shape effects and slight misorientations. The
observed differences in PJ
VSM and TVSM between “mother”
and daughter specimens are very small, i.e., maximum 0.02
and 0.07, respectively, indicating that the obtained results
are not significantly biased by shape effects or orientation ir-
regularities. The high-field degree of anisotropy obtained for
chloritoid is PJ = 1.47 ± 0.06 with some differences between
the different crystals, and the shape of the high-field suscep-
tibility ellipsoid is highly oblate with T = 0.94 ± 0.06 (aver-
age value of both approaches). A possible explanation for
the slight variation in PJ between the crystals is that they
may have a variable Fe and Mn cation content, as it was ten-
tatively suggested for biotite single crystals by Martín-
Hernández and Hirt [2003]. However, this is contradicted
by a plot of PJ
VSM/torque to Km
hf that does not show an appar-
ent relationship (Figure 7). Still, we cannot discard the possi-
bility that a variable Fe2+/Fe3+ ratio influences the degree
of anisotropy.
[30] All specimens have K3
VSM/torque oriented approxi-
mately perpendicular to the basal plane (Table 1) and
K1
VSM/torque and K2
VSM/torque roughly contained within the
basal plane, arguing for a strong correspondence between
Figure 5. Results of the high-field torque analysis for specimen Ctd01A*. Rotation positions 1 and 2
(around an orthogonal axis in the basal plane) show a well-defined periodical function with maximum
and minimum values at approximately 45°, 135°, 225°, and 315°, i.e., when the angle between the inducing
field and the specimen’s basal plane is 45°. Rotation position 3 (around the orthogonal axis perpendicular to
the basal plane) shows hardly any torque signal. The plot on the right shows the amplitude of the periodical
torque function as a function of the inducing magnetic field squared (B2) for the three measurement posi-
tions. The calculated deviatoric eigenvalues (ΔK1, ΔK2, and ΔK3), i.e., the absolute difference between
the mean susceptibility and the principal susceptibilities, are given on the far right.
Table 4. AIRM Results for the Relevant Chloritoid Specimensa
Name Mr-mean (Am
2/kg) K1
IRM K2
IRM K3
IRM PJ
IRM TIRM I-K3
IRM
Ctd05A 3362 × 106 1.140 1.114 0.746 1.61 0.89 88°
Ctd05B 2630 × 106 1.161 1.096 0.743 1.63 0.74 75°
Ctd05C 566 × 106 1.161 1.049 0.790 1.49 0.47 83°
Ctd07A 25387 × 106 1.113 0.959 0.928 1.21 0.64 8°
aThe table shows the anisotropy of isothermal remanent magnetization (AIRM), denoted with superscript IRM, for the four specimens with a reliable fer-
romagnetic hysteresis component on a vibrating sample magnetometer.
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the crystal habit and the HF-AMS. Unfortunately, chloritoid
has a monoclinic crystallography whereas the principal κhf
axes are orthogonal. Therefore, only one principal κhf axis
is corresponding to a crystal axis, i.e., K1
VSM/torque which cor-
responds to the b-axis, and K2
VSM/torque and K3
VSM/torque are
inclined with respect to the closest crystal axis (Figure 1)
[Borradaile and Jackson, 2010]. However, these angular
discrepancies are small for the tabular chloritoid crystals
and within the accuracy of the specimen preparation and
K3
VSM/torque is subparallel to the crystallographic c-axis. As
for K1
VSM/torque and K2
VSM/torque, the additional measure-
ments carried out in the basal plane with the VSM approach
and the very low torsion amplitude while rotating the speci-
mens in the basal plane (Text S2) demonstrate that κhf is
almost isotropic within the basal plane and it is not possible
to determine whether the observed anisotropy of a maximum
few percent is due to a real magnetic anisotropy in the basal
plane or due to a misorientation. Hence, the exact direction of
K1
VSM/torque and K2
VSM/torque in the basal plane cannot be
established within the accuracy of the approach.
[31] From those samples where the ferromagnetic hysteresis
loops are statistically significant, the three Ctd05 specimens
have an AIRM that shows a close correspondence to the HF-
AMS, i.e., the shape of the remanence ellipsoid is rather oblate
and K3
IRM is roughly perpendicular to the basal plane. This
may indicate that the magnetite phases mimic the chloritoid
lattice [cf. Trindade et al., 2001]. For the goethite component
in specimen Ctd07A, this correspondence is lacking.
However, given that K3
IRM is almost oriented within the basal
plane—instead of being oriented perpendicular to it—and the
fact that goethite is known for generating inverse fabrics
[Dekkers and Rochette, 1992], also the goethite phases may
have nucleated in the direction of the chloritoid lattice.
[32] Taking into account the observed PJ
VSM/torque values
and the obtained accuracy range, it becomes clear that the
degree of magnetocrystalline anisotropy in chloritoid single
crystals is significantly higher than that of biotite, muscovite,
and chlorite single crystals (Figure 8) [e.g., Borradaile and
Werner, 1994; Martín-Hernández and Hirt, 2003]. It is also
higher than the 1.35 upper limit of paramagnetic contribution
to the AMS in siliciclastic rocks suggested by Rochette
[1987] and Rochette et al. [1992]. In chloritoid, the number
of Fe2+ cations is similar or lower than the number of Fe2+
in other paramagnetic minerals. Furthermore, our data show
no link between PJ
hf and Km
hf (Figure 7). This implies that
the total Fe (and Mn) cation content does not govern the
degree of anisotropy. So the remarkably high magnetic anisot-
ropy of chloritoid is not simply the result of more Fe (and Mn)
cations and hence, a stronger ferrimagnetic interaction within
the basal plane. This is also confirmed by a comparison of
the paramagnetic Curie temperature within the basal plane
ofchloritoid, i.e., θ∥ = 5.2K (this study) and biotite, i.e., θ∥ =
22.7K [Martín-Hernández, 2002] and θ∥ = 27.4K
[Beausoleil et al., 1983]. However, our analysis of κhf in func-
tion of temperature perpendicular to the basal plane shows that
a
b
c
Figure 6. (a, b) Reciprocal of the magnetic susceptibility as
a function of temperature measured within the basal plane.
(c) Reciprocal of the magnetic susceptibility as a function
of temperature measured perpendicular to the basal plane, i.
e. parallel to the crystallographic c-axis.
Figure 7. Plot of the high-field bulk susceptibility to the
high-field degree of anisotropy (average value of VMS and
torque approach) for the different chloritoid specimens,
showing no apparent correlation.
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the antiferromagnetic exchange interaction between the planes
is strong in chloritoid, i.e., θ⊥=35.6K, whereas it is much
weaker for biotite, for which Martín-Hernández [2002] and
Beausoleil et al. [1983] obtained values of only θ⊥=13.5
and θ⊥=6.8K, respectively. Therefore, based on the cur-
rently available data, we suggest that the relatively high
magnetocrystalline anisotropy of chloritoid with respect to bi-
otite is due to a strong antiferromagnetic interaction perpendic-
ular to the basal plane.
8. Conclusion
[33] The magnetocrystalline anisotropy of chloritoid is suc-
cessfully determined by means of two independent, but mutu-
ally very consistent, high-field approaches on a collection of
15 specimens coming from six single crystals, i.e., Ctd01,
Ctd02, Ctd03, Ctd04, Ctd05, and Ctd06. These specimens
contain magnetite impurities and possibly some pyrrhotite
for specimen Ctd04B that saturate below 1T and thus can be
separated from the paramagnetic component by the high-field
approach. The three specimens of single crystal Ctd07 contain
a high coercivity, goethite phase and have been discarded from
this analysis, since their HF-AMSmay not uniquely reflect the
magnetocrystalline anisotropy of chloritoid.
[34] The high-field susceptibility ellipsoid of chloritoid is
highly oblate, with Thf = 0.94, and has a minimum principal
axis subparallel to the crystallographic c-axis of chloritoid,
i.e., I-K3
hf = 85°. Within the accuracy of the approach, the
high-field magnetic susceptibility can be considered isotropic
in the basal plane. The average degree of anisotropy obtained
for chloritoid is PJ
hf = 1.47. This is significantly higher than
high-field values obtained for the different phyllosilicates,
biotite, muscovite, and chlorite, and is also higher than the
1.35 upper limit of paramagnetic contribution to AMS in
siliciclastic rocks suggested by Rochette [1987] and Rochette
et al. [1992]. The obtained values for θ indicate that this pro-
nounced magnetocrystalline anisotropy is related to strong
antiferromagnetic exchange interactions in the direction of
the crystallographic c-axis (θ⊥< 0) and rather weak
ferromagnetic exchange interactions within the basal plane
(θ∥ > 0). As a consequence, chloritoid-bearing rocks with a
pronounced mineral alignment can have a paramagnetic an-
isotropy that significantly exceeds this limit, without the need
of invoking strongly anisotropic, ferromagnetic minerals. The
newly discovered magnetocrystalline anisotropy of chloritoid
thus calls for a revised approach of magnetic fabric interpreta-
tions in chloritoid-bearing rocks.
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